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FLOW FIELDS PRODUCED BY EXPLODING WIRES

ABSTRACT

Experimental evidence already reported suggests that the strong shock
waves produced by exploding fine cylindrical wires, after an initial tran-
sition phase,closely follow trajectories of the parabollic type character-
istic of similarity flows, studied by S, C. Lin. Shock data obtained in
alr at a sequence of pressures below atmospheric show large deviations
from the p-l/“ dependence on ambient density given by Lin} yet in a limited
time interval indicate approximately the expected parabollc shock tra-
Jectories as before. 1In view of tie work on similarity flows,of Guderley,
v. Welzsacker and others, the questions are discussed whether the data
may be repregented by other similarity flows, than the one prescrided-by
iin, and whether there {g in tre cylindrical casc 2 coavergence to a par-
ticular 2w sv~h as {5 found by numerical means for tne case of strong

plane srocks.




I. TINTRODUCTION

When & fine cylindrical wire is exploded into an ambient atmosphere
by passage of a heavy current pulse, a camplex flow with closely cylindri-
cal symmetry 1s induced in the surrounding medium. For wire diameters of
the order 0.1 mm or less and with available energies larger than 5 Joules/ cm
of wire length, one of the most prominent features of such a flow 1s the
Primary shock of a cylindrical shock wave system which is responsible for
the loud, sharp noise of the explosion. While the presence of a head shock
wave has been known for sometime, and &, number of a.uthors:L have studied
various aspects of shock phenamena produced by exploding wires, it was not
until the schlieren, Kerr-cell camera, studies of Ivi{fllere that the presence
of both a first and second shock wave was established and quantitative
data made avallable on the expanding fronts of the head shock, metal vapor
boundary and discharge canal.

More recently the author has been ablc to study the early stages of
shock and flow initia.ticm3 through the use of a wodifiration of the
rotating-mirror, streak camera. This method of investigation shows that,
for a typical case, the shock and luminous boundary coincide up to about 1
u sec after which the non-luminous shock traces out a closely parabolic
trajectory for the next 2-3 p sec. The luminous boundary itself approxi-
mates a smaller parabola up to 3 pu sec. At 6 j sec. from the flash tip,

a gharp lumlnous wedge appears which delineates the outward trajectory of
the secord shock wave after reflection at the axis from its earlier inward

course.,
Camparison of the experimental head cghock trajectury with the para-
l
bolic law given by 8. C. Lin‘ and A. Salkurai* for the constant energy,

cylindrical blast wave, allows a determination to be made of the apparent

‘ AY
At o slightly earlier date A. Saxursi (sec our reference 13) treated the

canstant energy, similarity fiov problem for spherical, cylindrical and
planar symmetry fram a serlies epproximation approach. His lovest order
approximations for spherical and cylindrical symmetry agree vith those of
Taylor (reference 12) and Lin regpectively. In add{tion he provides higher
rder approximmtions. We beosme avmrv of Sakum!'s vork after using Lin®
olution. Our preliminary checks of his eccond approximmtiion vill be

! ' lov {n &




energy release per unit axial length st the virtual time of initiation
of the shock found by extrapolating the parabola-test plot back to the

time axis.

This applicetion of the consbant energy similarity solution may be
criticized on the grounds that the experimental energy release is nelther
instantaneous nor along & line, iut takes place over a flnite interval into
g, finite messive meitsl cylinder. Furthermore tne ambient gas is not periect
but real and exhibits both relaxation and radiation phenomena. Finally, the
agreemert between the experimental polnts and a theoretical parabola extends
conslderably beyand the time where a conservative estimate would credit
the shock with a large enough Mach number (M > 8) so that the strong shock
conditions could hold, prouviding the ambient flulid were a perfect gas.

Despit.e these objections to the uce of strong shock, similarity theory,
the method has a certaia succesg. Energy values derived from parabola-
test plots show “hat for the wlrvs producing “he stronger shock waves about
half the stored ele-trics. energy reappears us energy of the flow behind
the shock. Another 2% ca-. be accounted for as heat lost in the residual
circuit resistance. Up Lo LO% may be used in heating the metal wire
through 14%s tranci®‘on polnts to o tempera‘ure of several thousand ¢ ;rees.
This leaves 15 - 20% “o » 1ivided among heat conduction and radiation,

and flow phencmene onn+ '« t Wil depariures from clmllarity. Thus there

lg no crude violantloun of conce ~mtion of energy principle and the indicated

cnergy wlthin the shock ts in approximm’e agreement with the expectations

derived for strong L.ecst wavens energlzed by chaalcal explosives or other
means.,

Another agreemen’ follovs as 1 cor vience of the simultaneous study

of 1) energy lmpried to ‘i ¢ et ) the damping conditions in the
exploding wlre cir-ul', ; wno that, for on ogeries of copper wires,
the muximum a The gy ! ¢ v doeps not occur for the
Gume wire 1t gives alum= o & ! fa b Floding vire circutle.
Purtie rmon veen Lhe ! the right direction

[] ~




resistance in the circuit. Thus relavive energy changes obtained from the
use of the flow similarity theory agree with thuse obtained from the

electrical theory of the circuit. Thie correspondence is taken as strong
support for the correctness of shock flow energy values measured fcr wires

neighboring the one that most rapidly damps the circuit.

A deviation from the similarity law which has been noted in all
streak data from the first, is u tendency for the parabole-test plots to
deviate from linearity by concr-it; upwards. This tendency for the later
points to lie progressively above *he linear fit to earlier data, was
first thought tc be connected with an optiesnl distortion inher2nt irn the
experimerntal ‘sechniq_ue.5 Iater results6 obtained by a method free of this
particular distortion show the same concavity; so 1t is presently concluded
that this ig & resl deviation from the parabolic, similarity trajectory

probably to be explained by a closer theoretical representaticn of the
physical flow. (see g 3.2).

Because of the simplicity and easy interpretation of the similarity
flow theory, and its apparent succees in correclating prominent aspects of

the flows produced by exploding wires, it is importsarnt to delineate in

some etall the range of flows and shock waves to which this type of analysis
is applicable.

In the following we discuss some exploratory experiments performed

with the end in view of investigating the density dependence of the head

shock wave trajectory.



IT EXPERIMENTAL

2.1 Experimentel Data

Flgure 1 shows streak camera plctures of 5-mil copper wires exploded
into ambient rcom temperature air at pressures ranging from 1 atm down to
1/8 atm. As in the previous experiment, the stored enery 1s 118 joules
at 28 kv in a clrcult with & ringing frequency of about - mmec. The
electrodes and slit are enclosed in an evacuable bakelite chamber fitted
with an optical glass window through wnhich the flash is photographed.
Pressure is determined to within 1% on a precision Wallace and Tiernan
gauge. Because the refractive effect of the shock wave is difficult to
observe at low gas densitieg, a method more sensitive than the mirror
backlighting had to be found in order to study the shock wave at pressures
below 1/5 atm. A method of linear streak ba.cklighting6 has been used to
«btain 1/5 atm and 1/8 atm pictures shown in two of the panels. While
. ngeful gain in sensitivity results fram the linear streak technique,

the extensicii to luwer pressures is hardly a factor of two.

General features of the rotating mi.ror photographs are Lo be noted
as follows. The shock wave which is quite clear at 1 atm is considerably
less definite as pressure decreases. The luminous area, in the meantime,
changes from smooth contlinuous luminosity to pronounced streakiness and
the duration diminishes. Below l/? atm no second shock wave is visible.
Moot of the luminoslity 1s "inally conceutrated at 1/8 atm into L.« wcc-
or less symmetrical bands or "wings” of light. It 1is likely that at 1/8
atm the wire explosioc. 's on the verge of producing a moving plasma of

the type encountered by Bohn (t.ulY ut pressures below 10 cm of mercury.

the parabola tecst plot of Flg. 2 summarizes measurements {rom the
ntreak plectures of Fig. 1. When (:H)P v L 1o plotted {t i3 knovnﬂ
that a straigh® line should resul. 1f the tmJectory Is that of the
stant encrgy simflarity flow g'ven by Lin. The slope of the line i
7 (F )" vhere § fa a “unction only of the » of the idenl grs,

{5 the denalty of the azmbirmt
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If the axial energy release is held constant, then one would expect
a monotonic increase in slope m as density Py decreases. This means that

the latus rectum of the shock trajectory should Increase with decreasing

density. Clearly no such increase can be observed except for 1/2 atm in
Fig. 1. The plot in Fig. 2 demonstrates the failure of slope to increase
monotonically. It is a fact worth noting that the lower pressure data
return practically to the locus of the 1 atm points.

The trajectories of Fig. 2 are all still close to parabolic although
each shows the concavity upwards discussed es.rl.ter.}’6 From the slopes
m and measured pressures, the .xlal shock energies Es have been calculated.
From these one sees that, although the wire and the available electrical
energy remain the same, the apparent energy communicated to the flow

decreases sharply with decrease of ambilent density Py

Thus if we assumed at ii» ¢ ..’~t that because of our choice of both
a particular wire and a constant i rtrical energy, a fixed amount of
energy would be deposited in luv ¢ire and thence cammunicated to the flow,
a consequence of the simila;ity +1eory 1s the prediction that slopes values
-1/C

should increase ¢ m (@ po ‘e experimental results show that this

relationship 1s not oveyed.

If, because of the nearly parabolic trajectories, we choose to assume
that the shock paths at low density ~ve those predictcd by similarity
theory, then a consequence of th.:c ~.iuwnption is the conclusion that the
exial energy release ES is a fun~r-2on of the amblent density P il
further investigation bears out thi- »aclusion, then we have a nev fact
about the exploding wire prenumer: . viz., the vire acts as a transdicer
between electrical and fluid mechan.cal forms of cnergy and by {nference
its apparent resistance in the circuit cepends upon the density of the
surrounding medium.

dther alternatives arise {f wve vare the initiel assumptions but these

.

lead to more claborate Llcoretica. 1av-astignations whi e nll not

pursur 1t C pre :



ITT LISCUSSION

.1l Deviations From Similiarlty Flows

Exploding wires, ac already noted, can hardly be expected to produce
simllarity flows because of fundamentel differences be’ween the physical
situation and that represeriied by the assumptions of the theory. Never-
theless, the shock waves from exploding wires do over appreciable inter-
vals of spuce and time behave like similarity flow shocks. Two principai
deviations from the similsriity flow predictions have been noted.

The first is a gross feilure of the shock waves from a fixed size of

wire supplied a fixed elect~ical energy to traverse parabolae whose

T oo "hoet the latus rectum ircreases ag the inverse one-tourth power of

B

Corparicson of the low pressure, streak pictures of

wmblent density.

Flg. L winh the low shock energy fissh for 8-mil copper previously published5

siows similarities (n sghape, short duration snd lack of a luminous second

“rong enough to rznder lLlghly obrobable the

asgump* ion vtubted en- . te- 1n gy S, vi:., that E  ts depenaent on po. Tmus
o3

“ilure of owr assumption about energy deposition

phock. This evidence 15 ¢

the deviat Lo 1 J €1 bv
in the wire, not ne easpns “tiure . hne shovks to traverse the
upproprint~ wimii -ty o 55 Fitnor cubsvantiation of tnis interpre-

tatton car be 2upLr o0 Whernoul ¢ wnd voi'age osclllogrums arc obtained

for n sequence o, Lo my glvers 1 FLge & Then experimental valuesg

of ele *“ri:ul é€nt -2y o reel Lo the wlre can be campared wlth energy
v luc: F‘t [Ad !5 &40 by *neE B ‘e tory. The ¢lonvrtcals techniques
for such meagurementa nave Lo lacurcet In severa pu.‘-;./’d’j’lg
The s cont *ype o! Glon Trom he simliar.ty flow trajectorie
te the cancavity of ! ] e ¢ o' . he moest strongly curved
. n, Ine et v ' ¥ L (nte ot x:r.v..ra to ¢
3 ¥ ¢ X {or e o
: § £ o vas ini{tially



examined more clesely to see whether any interpretation is possible still
within the framework of similarity flow theory. The shock data of Fig. 2
have beer re-plutted using the variables (2R)n vs t in an attempt to see
whether a general parabola with n # 2 may provide a better fit to the
experimental data. Fig. 7 shcvs the curves so obtained together with the
values of n employed. In each case the entire curve is considerably

0.6

straightened, and in three cases the exponent is close to 5/3, i.e. a t
power law for the shock trajectory provides a better fit than the t 1/2
law previously used. Plots of th2 dats on log paper do not permit of

much refinement in the determinstlc & of n but do indicate the possibility

that the data lying below 0.2 p sec in tiwme may in some cases fall on a

5.2 Variable Energy Similarity Flows

Theoretical Justification for similarity flows with n values other
than 2, may be found in a paper by Guderley.ll While the main problem
lie considers is that of a strong spherical (or uylindrical) shock con-

verging toward the origin, his development of the theory for spherical or

cylindrical symmetry {5 perfec'ly general. With the assumption of a (1/n)th

order parabola as tlic snock trajectory in the neighborhood of the origin

and with *he s*rong shock relations, he is led to introduce generalized

similarity cordiions four “ne entire flow behind the strong shock. These

scallng relations reduce tie conserwition laws {or mass, momentun and

entropy from partinl %o crliaary differcential equations. After a further

reduction, besed orn zircnsionul analysis, whicl, shows the solutions to be

L

functlions of only “wo, indepenient dimensionless variables, he {5 able to

for the system by study of the solutions

examine *he en'ire soluion el fo
and singular poin*s o' n virglie non-linenr, ordinary differential equation.
me of the resus*a of iy ctaly fs the proof tunt in spherical or cylindrical
ordinates there {a only e rnot-trivial solution for which Lhe particle
at the origin casn remm + t ynrd we that ¢ .6t be i
tant energ i I ¥ for 1 ] ca '
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If the assumrtion of constan® energy ls given up, then an infinity of
similarity eoluticas with a power law dependence of energy addition on
time may be found. For %he cyliniricel case these take the form E y(b/n)-2,
The constant energy case can be approximeted as closely as we please by
time devendent solutlions with n velues sufficilently close to 2. The
particular velues, n = 5/3, 1,43, used in Fig. 3 imply parabolic energy
addition with t raised %o the 0.4 and 0.3 powers respectively. Nelther
of these is close to constant encrgy release., Furthermore it is noteworthy
that the generalizetion of our theoretical ronsiderations to include siwn'-
larity flows with time warisble, erergy additlon has led us to the point
where an expression is avaliable agaeinst which an experimental check may

be made.

Through measurzments ot curren® sand voltage in the exploding wire
clrcuit, energy delivered %o *the wire -an be obitained as a functlon of time
and campared with ‘he power laws ~ha-acterizlng the varisble energy addition
given by similarity Lheory. Agreement of these values would be strong

evidence thai ‘he flowe laroivea are ot “he sluiiarity type.

One puzz.!rg fea w o! the theory is *he fact thut for the variable

encrgy flows *‘he purtiile a* the origin Is not permanently &% res*t. Symmetry

congldernt ions 1nal e oty bhe wela, particles in the real, explioding
wire flows shou.il rewmiin nt r avl the strenk daeta Indicate thut thls is
appraximately *rue.  Some Light ! het on this question by the study of

gimtle-ity tiovs ove = “lun*--.04ed .enier boldies glven by Leeo and Kubota.

These au*hors *oes' the case of 8 slenfer hody of revolution for which

the {low in Lhe sxinl dfreciion ar Y cuwed in comparison to the

rudial fiow, t.c., flo+ vilue ~0ie T e nose are ot requlred. Thus
thelr equaions nre fulllamentsa.ly Lhe pame agd "noge uged by Guderley uwlthoug
Bedsiuse of i1 e ¢ 4 *lon and mathemstica approact ilreg? 'kﬁ?’lz‘i 100
s very uiff! S SULEOS « that 1) for similarity flowvs Lo

x DOUY 0N T m{ *hn , f.0., bolg vary



2) the constant energy solution glven by m = 1/2 1s a singular solution
passing through a saddle point, which agrees in a general way with
Guderley's analysis; and 3) similarity flows for bodies of poritive slope
(B4t >0) exist for 1/2 ¢ m < 1.

The point of interest for our discussion 1s that the fluid particir

originally on the axis traverses the stream line of the body cor .ur and
thus does not remain at rest.

The existence of a variable energy similarity flow about the explodi?g
wive would thus imply that the real flow caused by the expanding wire vapor
lies within a particle path (surface of revoluticn) which has the same
narabolic law of growth as the shock wave, and that the flow of energy
ieross this surface is the same as would be caused by an identical blunt-
nused, slender body producing a flow of equal redial Mach number. This
interesting fact suggests that closer analysls of luminous boundary paths|
like those measured in our earlier studiesi’5 may show them to be prr:bolas
*.th the same power law as the shock wave, both differing from the m = 1/2
constant energy cnse by which they can be approximately fitted. Further

experimental work in this direction is needed.

2.5 Higher Order Approximations

By virtue of an analytical trecatment based on series expansions with

the square of reciprocal ohock Mach number as the variable, Sakurail5 is
able to provide higher order approximations to the flow than that given by

the oimilarity solutions. For the constant energy case, which 1s the onl)

=

one he treats, his first two terms yleld a function for the shock trajectory

which {5 an hyperbola ruther than the parabola given by the first approxi,

mation. In connection with a preliminary study of shock data extending to
43

R ] 3 6
10 i sec, obtained from a S-mil copper wire , we have found that the

1{fferonce betveen Sakurmai's cecond epproximetion and the paradbolic simi-
larily lution ta cverywhere leosp than 2. Thua (¢t eppears that for the
range 7 data 80 far otlalined not much is Lo be gained by preferring the

- . 4o 8 »
ccond approximation f g
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3.4 Convergence of the Flows

We discuss "»re, in a speculs*ive way, two topics which may conceilvably

; be related to conv:rgence properties of the flcw solution. The first of

these has to do with the experimental fact, :evealed in Fig. 2, that the

actusl shock traje.ories for different ambient densities are not great.y
different from one another. This is shown even more strikingly in Fig. 3
where we see that all the poilnts lie close to a single line. The separate
sets of experimenuel points actually are fitted by lines of slightly

[ differing slope and differing behaviour at the origin; nevertheless the

Plot glves the distinct impression thaet some invariant feature of the flows

is being exhibited. If the shock trajectories are of the variable energy
type represented by R = §Bt1/n vhere £ 1s the similarity constant for the
shock depending on paramsters defining the flow then the concordance of the
data in Fig. 3 suggests that (2R)%/+ = (2&6)n is a constant independent of
In our case 1*%s numerical value would be about 1.2.

Thus a functlonsl relationship of the type n 1n &s = const. for ditferent

Further investigation of this

energy and density.

time dependent flows seems to be implied.
question will rrobably require sxtensive numerical work; for the variable

energy solutlons have no* teen ottained in analy'icsl form.

The swecond, and probally rclated, [tem of this discusslon teaes note
-

of the theore’.lrcal modcl of a «lroung, plane shock proposed by ven Welzsacker

iu connection with probiems encountered in sstrophysics. v. Welszacker

defines a prototype, {nflnlle plaae shock wave to have a similarity (or

homology) type of fiow soiu’.ion determined at the shock by the strong shock

conditions. The other Voundary ts heurfstically dencrmined by the condition

1Y pagses. Thls we gee

that the wave Lose none of the macrs over whilh

requires tha' presaswre, mil pressure gradient, vul sufficliently far

behiind *‘he cho k wvane ung indeed the w'alement 1o made that the dnve
terminates in o vmouum. The nume ) ce untl £ v. Welarnucker: OV
the exi{sbence 20! 3 wunsud abl Ingul olu nd n p f{bly natlis-
¢ ¢ Y 5% . 1 Cor iy L1y i dadicat
Eﬁ@_ e ]



Such an analysis is provided by the work of Hﬁfelelé who digcusses
in detsil the plane shock case by reccurse to a treatment modeled after
the one given by Guderley for the spherical and cylindrical cases. The
direction field and solutions in the projective plane for the differential
equation iepresenting the plane case are quite different from those given
by Guderley. In discussing the various possible solutions, HAfele criticilzes
the solution corresponding co constant energy release on & plane surface
at t = t_, which solution is contained in Sakurai'’s first paper, and rejects
it as un;uitable because while density vanishes at the oripgin, temperature
becomes infinite in such a way as to maintain pressure constant. For a
shock traveling only to the right (excluding the symmetrical case with
identical shocks traveling in both directions), this boundary condition is
interpreted as implying a displecement of {the energy release plane.
We infer that it would mean a leakage of mass in the negative direction,

and thus to account for all the energy would require integration to negative

infinity after t = O.

ReJection of the constant energy solution on grounds of unsuitability
Leavec only varietle energy solutions to be considered. Of these, Hifele
determines that there 1s only one which he calls the "regular homology
solution", which can be adjusted to pass through the point representing the
strong shock conditions and in addition behave, sufficiently far behind
the shock, so that both p and p vanish as T becomes infinite. For the
croe of air with y = 7/95 the shock parabola is x = & to'6 and functions
for the flow variables can be obtaired explicitly. It is werth noting
that in this case particle velocity decreases linearly with distance behind
the shock front at a given time and for other values of 7y the decrease is

practically linear.
1y

In 8 separate study lalin end Hoerner™' exmaine numerically the effects

of perturding the regular homology soluiion by arbitrarily assigned {nitial

values of the flow variables. They investigate only the caae of astrophysical

» o
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solution. Thus empirical evidence is provided for the stability of the
reguisr solution. Further analytical studies18’19 support this conclusion
subjJect to the conditiun that the perturbations do not result in the

formation of internal shock waves.

With these preliminaries we return now to the question of a possible
connection between the experimental flows and these theoretical results.
A strong plane shock may In principie be produced in three different ways;
eit) .r directly or in the limit approached by strong spherical or cylindrical
shocks, Tt 1s not known theoretically under what conditions, if any, the
three r'iows so produced would be the same, but 1t may be conjectured rnt only
that suiteble conditions exist, bu® alsoc that the flows so prodnced would

converge to the regular homslogy solutign of v. Weiszacker and Hefele.

If this conjecture were true thenﬁ@e would expect the experimental
shock trajectory with variable energy to approach a 0.6 power law with
time, rather than the 2/3 power lew required by the special condition of
constant energy.

The experimental data of Flgs. 2 and 3 suggest that a thorough investi-
gation of this conjecture may be worthwhile; for the several cases presented
seem to favor the 0.6 power law rather than 2/3. 1In the only case where
data is availsble ou®t Yo 10 u sec, viz. the 1 atm No. 130 firing, the points
from 3 to 10 u sec it the 0.6 paurabola very closely.

F. D. BENNETT

—
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